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Edited by Frances ShannonAbstract This study identiﬁed the widely used T7 in vitro tran-
scription system as a major source of artifact in the tiling array
data from nine eukaryotic genomes. The most aﬀected probes
contained a sequence motif complementary to the +1 to +9 ini-
tial transcribed sequence (ITS) of the T7-(dT)24 primer. The
abundance of 5 0 ITS cRNA fragments produced during target
preparation was suﬃcient to drive undesirable hybridization. A
new T7-(dT)24 primer with a modiﬁed ITS was designed that
shifts the artifactual motifs as predicted and reduces the eﬀect
of the artifact. A computational algorithm was generated to ﬁlter
out the likely artifactual probes from existing whole-genome til-
ing array data and improve probe selection. Further studies of
Arabidopsis thaliana were conducted using both T7-(dT)24 prim-
ers. While the artifact aﬀected transcript discovery with tiling ar-
rays, it showed only a minor impact on measurements of gene
expression using commercially available ‘gene-only’ expression
arrays.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Expression1. Introduction
Microarray technology has provided unprecedented oppor-
tunities to study an entire genome in a high throughput man-
ner. As recent developments in chip production permit higher
oligonucleotide density and more versatile chip designs, appli-
cations have extended beyond the analysis of annotated gene
expression to include unbiased whole-genome exploration [1–
11]. This has led to improved detection of predicted intron/
exon boundaries and transcriptional splice variants, as well
as the identiﬁcation of many putative small non-coding RNAs
and miRNAs. A number of unexpected transcriptional phe-
nomena, such as widespread signals in antisense, intronic
and intergenic regions, were also observed in whole-genome
tiling array experiments performed in several organisms.
Although the biological signiﬁcance of this unusual transcrip-*Corresponding author. Fax: +1 608 262 6748.
E-mail address: msussman@wisc.edu (M.R. Sussman).
1These authors contributed equally to this work.
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doi:10.1016/j.febslet.2007.06.033tion remains largely unknown, an even more critical issue is
which of the observed signals are a genuine reﬂection of
in vivo transcription. As microarrays can be very sensitive to
low levels of transcription, it is not always possible to verify
the authenticity of a putative transcript through traditional
methods involving Northern blots or reverse transcriptase
polymerase chain reaction (RT-PCR). The large number of de-
tected RNAs would also make the veriﬁcation process costly
and laborious. As the number of probes used in microarray
investigations continues to rise, even a low false positive rate
of detection can be expected to produce increasingly signiﬁcant
errors in genome discovery. Consequently it is of utmost
importance to identify sources of artifact and take steps to re-
duce the false positives that inevitably arise in this technology
[12–14].
It has previously been noted that experimental artifacts may
arise through cross-hybridization, contamination from geno-
mic DNA and unspliced RNA or unintended double-stranded
labeling of RNA [13]. In addition, it is expected that diﬀerent
microarray platforms and labeling systems will have a set of
artifacts speciﬁc to the methods used (see Supplementary Dis-
cussion). This study provides evidence of an important se-
quence-speciﬁc artifact for all oligonucleotide microarrays
that use T7 RNA polymerase for cRNA target production.
Technical and computational solutions to ameliorate this
problem are also presented.2. Results
2.1. High signal bias in C-rich probes
A comparison of the signal intensity and nucleotide compo-
sition of probes was performed on data from previously pub-
lished Arabidopsis thaliana 36-mer whole-genome tiling
microarrays synthesized on a maskless photolithography plat-
form [4,15]. In contrast with the entire set of oligos, the top 5%
of probes ranked by signal intensity showed a marked increase
in cytosine and decrease in adenine content, while the fre-
quency of thymine and guanine residues remained relatively
unaﬀected (Fig. 1). This trend was reproducible in data from
an earlier Arabidopsis tiling study using 25-mer Aﬀymetrix ar-
rays, indicating a common bias that was independent of probe
length, chip synthesis technology, or laboratory handling [2].
Further analyses were performed on data from other eukary-
otic arrays, and a similar bias was noted for honeybeeblished by Elsevier B.V. All rights reserved.
Fig. 1. Nucleotide composition shifts among high signaling probes. The nucleotide abundances among the top 5% highest signaling oligos from an
individual array were compared with the overall nucleotide abundances among all probes on that array. The average change in probe composition for
multiple arrays (48, 13, 17, 6, 17, 8, 27, 24, 135, and 90 arrays, respectively) from each genome is shown. Error bars indicate standard deviation. A.
thaliana2 [4], A. mellifera, C. reinhardtii, T. pseudonana, S. cerevisiae, S. purpuratus tiling arrays were hybridized with cRNA derived from T7-based
IVT reactions. D. melanogaster, H. sapiens, and O. sativa tiling arrays were hybridized with randomly primed ﬁrst strand cDNA. A. thaliana1 [2]
arrays were composed of 25-mer probes for the Aﬀymetrix platform; S. purpuratus was a 50-mer array synthesized by maskless photolithography; all
other arrays had 36-mer probes also synthesized with maskless photolithography.
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lassiosira pseudonana) [9,10,16]. For both Arabidopsis sets and
for honeybee, data from each individual array showed a nearly
identical shift in the cytosine enrichment of the top 5% of
probes (data not shown). In contrast, the exact shifts were dif-
ferent among each of the four Chlamydomonas arrays,
although the overall trend was similar. Despite being synthe-
sized with the same maskless technology, the human, rice (Or-
yza sativa), and fruit ﬂy (Drosophila melanogaster) arrays did
not share the nucleotide bias among their high signal probes,
and yeast (Saccharomyces cerevisiae) data showed substan-
tially lower bias [3,5,7,17]. Thus it was unclear if the C-rich
correlation with high signal was either due to a genome-speciﬁc
cause, or a diﬀerence in laboratory techniques. Also notable
was the relative absence of nucleotide bias in the sea urchin
(Strongylocentrotus purpuratus) tiling data, the only genome
examined with 50-mer microarray probes [11]. Several possible
explanations were considered for these observations (see Sup-
plementary Discussion).
2.2. Oligomeric motif analysis
To determine if other factors contributed to the C-rich signal
bias, it was examined whether a random distribution of high
C-content across a probe was suﬃcient to be associated with
high signal, or if clusters of cytosines were more important.
Moreover, we were curious if other neighboring nucleotides
had signal enhancing eﬀects. To investigate this phenomenon,
we devised a method that reﬂects the representation of short
oligomeric sequences among the probes with the strongest ar-ray signals. For a given N-mer a score was assigned as the
median signal intensity of all probes containing the N-mer se-
quence, divided by the median signal of all probes on the ar-
ray. Scores were calculated for all permutations of N-mers of
2–9 bases in length, and the N-mers were ranked by score
for further examination.
N-mer Score ðSÞ
N2!9
¼ mN-mer
mall probes
;
where m is the median signal intensity.
This analysis was performed on oligonucleotide array data
from multiple genomes, and representative results are shown
in Fig. 2.
It became apparent that the score for the top oligomeric se-
quence of a given length approached a logarithmic increase in
proportion to the length of the N-mer (Fig. 2A). Furthermore,
a relatively small proportion of the N-mers were associated
with large changes in signal intensity. In contrast, the bottom
range of scores remained relatively unaﬀected by changes in N-
mer length. The scores of longer N-mers should approach a
limit when additional neighboring nucleotides cease to be
important. However, the observation of dramatically rising
scores coupled to increasing complexity indicated that an
unexpectedly long sequence speciﬁcity was likely to be found
among the top-scoring motifs. Further analysis of the 9-mer
sequences showed a striking C-rich bias in nucleotide compo-
sition among the highest scoring 1% of the motifs (Fig. 2B).
This was consistent with our earlier observation of increased
C-content among high signal probes.
Top 9-mer motifs for C. reinhardtii 
CCGCCTCCCa,b,c CGCCCTCCCa,b
CGCCTCCCCa,b,c CCCCCTCCCa,b,c
GCCTCCCCCa,b,c CGCCTCCCAa,b
CCTCCCTCCb,c CCCTCCCTCb
CTCCCTCCCb,c TGCCTCCCCa,b
GCCTCCCTCa,b GCCTCCCCAa,b
GCCTCCCCTa,b CCGCCTCCTa,b,c
CGCCTCCCTa,b,c CCTCCCCTC
TCGCCTCCCa,b,c CCCCTCCCCa,b,c
CCGCCCCCCa,b,c CCTCCCCCCa,b,c
C
D
B
A
Fig. 2. Sequence-speciﬁc motifs aﬀect probe signal. (A) All possible (4N) nucleotide sequence combinations of length N = 2–9 were generated. The
frequency and score of each N-mer for the Apis mellifera whole-genome tiling dataset was calculated. N-mers were ranked according to decreasing
score, and the indicated percentile distribution of scores are shown. (B) Graph of the nucleotide composition by position of the top-scoring 1% (2621/
262144) of all possible 9-mers for Apis mellifera whole-genome tiling arrays. (C) The 20 top-scoring 9-mers for Chlamydomonas reinhardtii are shown.
a,b, and c indicate the 9-mer is also among the 50 top-scoring 9-mer motifs for the Arabidopsis thaliana [4], Apis mellifera, and Arabidopsis thaliana [2]
whole-genome tiling arrays, respectively. Italicized motifs would be exact matches to the standard ITS if G-slipping occurred. (D) A representative
plot of Saccharomyces cerevisiae tiling data with a signal spike at a probe containing a top-scoring 9-mer sequence (CCGCCTCCCC). The probe is
located within the coding region of gene DBP10. The four lines represent hybridization signals for four separate biological experiments.
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est scoring 9-mers revealed a more surprising pattern than sim-
ple C-richness. The oligomers were nearly identical, and
appeared to be shifted frames or slight mismatches of the high-
est scoring sequence (Fig. 2C). Comparison with the top-scor-
ing motifs among shorter N-mers indicated the consistent
presence of similar sequences. In addition, the same motifs
were top-scoring among the data from the Chlamydomonas,
Arabidopsis, and honeybee genome tiling arrays measured by
independent groups using diﬀerent array synthesis technolo-
gies. Despite the relatively small C-rich bias observed in the
top 5% of probes from the yeast tiling arrays, it was also noted
that the yeast probes containing top-scoring 9-mer sequences
from other genomes were often associated with an unusual sig-nal spike that was uncharacteristic of the surrounding genomic
region (Fig. 2D). The observation of identical oligomeric se-
quences associated with high signal intensity in the microarray
data from diverse genomes led us to the conclusion that a
repeatable and predictable artifact had been identiﬁed.
2.3. T7-(dT)24 primer ITS produces a sequence-speciﬁc artifact
As the artifact appeared to be not of a biological origin,
common technical elements from the microarray protocols
were investigated. Upon noting that the highest scoring 9-
mer motif was an exact reverse complement to a portion of
the T7-(dT)24 primer used in ﬁrst strand cDNA synthesis for
these microarrays, it became apparent that this primer was a
likely candidate for the artifact source. The signal enrichment
3366 D.C. Nelson et al. / FEBS Letters 581 (2007) 3363–3370for each 8-mer within the complement of the T7-(dT)24 primer
were plotted, and they showed a clear trend with a peak near
the center (data not shown).
To prepare cRNA targets for hybridization to an oligonu-
cleotide microarray, in vitro transcription reactions are per-
formed using T7 RNA polymerase. The polymerase initiates
transcription from a T7 promoter incorporated into the dou-
ble-stranded template during the ﬁrst round of cDNA synthe-
sis. Between the core T7 promoter and the 3 0 poly-T stretch
used to prime the forst strand reverse transcription are nine
intervening bases. These nine bases of guanine-rich initial tran-
scribed sequence (ITS), followed by 24 uracil ribonucleotides,
form the 5 0 end of every cRNA generated during the in vitro
transcription reaction. Immediately prior to microarray
hybridization, the cRNAs are typically fragmented to 35–
200 nucleotide lengths. Presumably, this results in the release
of a nearly identical fragment from the 5 0 end of each cRNA.
While short 6–9 nt exact matches would not be predicted to
anneal eﬃciently to the microarray probes, we hypothesized
that the overwhelming quantity of these 5 0 end fragments
was suﬃcient to drive artifactual hybridization. This hypothe-
sis accounted for the diﬀerent nucleotide bias observed in rice,
Drosophila, and human whole-genome tiling arrays, where
alternative methods for target labeling were used (Fig. 1). It
also explained why the array-dependent cytosine bias was uni-
form for all Arabidopsis arrays, but not for Chlamydomonas.
The tiling array experiment on Arabidopsis used the same
RNA sample labeled once to hybridize all 13 non-identical ar-
rays [4]. On the other hand, the experiment on Chlamydomonas
was intended to determine diﬀerential gene expressions and
thus used four diﬀerent RNA samples on four identical arrays
[16]. Therefore the observed artifacts were likely due to a com-
mon element in the target preparation process, and not the
microarrays themselves.Table 1
Artifact is sequence-speciﬁc to the T7 ITS
Standard ITS
5 0-GGGAGGCGG(U)243 0
S/M top 7-mers (3 0 ‹ 5 0) Freq. in top 1%
CCCTCCG 88%
CTCCGCC 65%
CCTCCGC 72%
CCCTCCC 57%
CCCCTCC 60%
TCCCTCC 53%
CCCCCCC 52%
CCCCGCC 43%
TCCGCCG 37%
CCTCCCC 46%
TCCGCCA 42%
CTCCCGC 27%
CCCTCCT 34%
TCCTCCG 38%
CCTCGCC 32%
Scores for all possible 7-mers were calculated for 36-mer Arabidopsis micro
primed by the standard T7-(dT)24 oligo or a T7-(dT)24 oligo with a modiﬁe
changes in scores when comparing standard oligo (S) data to modiﬁed oligo
mentarity of at least ﬁve bases to an ITS, and bold 7-mers are full-length c
comparisons. In addition, the fraction of occurrences of each 7-mer among th
compared with the total number of instances of each 7-mer in the entire prob
shown), 38% (1377/3661) of the instances of S/M sequences were present in th
sequences were present in the top 1% M/S probes.To test the hypothesis that the artifact was caused by the T7-
(dT)24 primer, a new primer, hereafter referred to as the ‘‘mod-
iﬁed primer’’, was designed that diﬀered by four bases in the
+3 to +6 region of the initial transcribed sequence. If the
ITS was responsible for the signal bias, a corresponding se-
quence-speciﬁc shift in the artifact would be expected. After
considering the sequence of some of the top 9-mer motifs
(Fig. 2C), we were also concerned with eliminating any poten-
tial G-slipping that might be caused by the initial GGG se-
quence of the standard primer [18–20,22]. Previous studies
have demonstrated that a G is required at both the +1 and
+2 position after the T7 promoter for the most eﬃcient tran-
scription, but the sequence of the following bases is less critical
[20,21]. However, the early incorporation of a U increases the
likelihood of aborted transcription [19]. These guidelines were
used to create a new ITS that has the same overall GC% con-
tent and melting temperature.
Microarrays were synthesized using 170000 previously pub-
lished 36-mer tiling probes for the ﬁrst 4.25 Mb of Arabidopsis
chromosome II [4]. In keeping with prior work, RNA from the
T87 Arabidopsis cell culture line was used as a template for
cDNA synthesis with both the modiﬁed and standard T7-
(dT)24 primer. After performing IVT reactions, the fragmented
cRNA targets were hybridized to the microarrays and a 7-mer
motif analysis was performed on the dataset. The previously
identiﬁed artifactual motifs for the standard primer showed
the highest fold decrease in score when compared to the mod-
iﬁed primer data (Table 1). As also predicted by our hypothe-
sis, the 7-mers showing the highest fold increase in score in the
modiﬁed primer data were complementary to the new ITS.
Furthermore, the signal enrichment for sequences matching
the complement of the new primer showed a trend similar to
those for the standard oligo, with a peak in 8-mer scores cen-
tered around the transcript initiation site (Fig. 3). Thus it isModiﬁed ITS
50-GGCGCACGG(U)2430
M/S top 7-mers (30 ‹ 5 0) Freq. in top 1%
TGCGTGC 0%
GCGTGCC 12%
GCCGCGT 5%
CCGCGTG 12%
CGCGTGC 19%
GTGTGCC 13%
CGCTGCC 6%
CGTGCCA 11%
GTGCCTG 3%
GCGTGCG 5%
CGTGCCC 3%
GTGCCCC 7%
CGCGTGT 0%
GTGCCGC 6%
CGCGGGG 0%
arrays hybridized with in vitro transcribed cRNA made from cDNA
d initial transcribed sequence. The ﬁfteen 7-mers with the largest fold
(M) data are shown here. Underlined regions indicate exact comple-
omplements. Sequences are listed 30 ‹ 50 for ease of complementarity
e top 1% (1700/170000) of probes ranked by S/M or M/S fold change as
e set is given as the frequency. For the top 30 S/M and M/S 7-mers (not
e top 1% S/M probes, while only 5% (91/1744) of the instances of M/S
Fig. 3. Scores for 8-mers within the standard and modiﬁed T7-(dT)24
primers. Plot of scores of 8-mers complementary to the standard and
modiﬁed T7-(dT)24 primers from arrays hybridized with target cRNAs
prepared using either the standard or modiﬁed primer. The entire T7-
(dT)24 primer is not shown. The x-axis indicates the 5
0 position of an 8-
mer sequence window for which the complementing motif score is
shown; i.e. the +1 data point corresponds to a complement of the ﬁrst
eight transcribed bases of the ITS. Transcription from this sequence
should always begin at +1.
Fig. 4. Positional dependence of top-scoring 8-mer motif within the
probe. (A) For all probes containing a particular 8-mer motif,
Pearson’s correlation coeﬃcient is computed between the distance of
the motif from the 5 0 end of the probe and the signal intensity of the
probe. Correlation coeﬃcients are plotted for all possible 8-mers,
sorted from highest (left) to lowest scores (right). The 8-mers on the
left are most artifactual, and the artifact is the largest when the 8-mer is
located near the 5 0 ends of the probes. No positional dependence is
seen for the motifs on the right. (B) Array signals within a 100 bp
region from scaﬀold 12.11 of the bee genome (V2 assembly) were
shown. Overlapping 36-mer tiling probes were selected from this region
at a three base resolution. A top-scoring 8-mer, likely to bind to the T7
ITS sequence, is located between the bases 174198–174205. Ten probes
containing the motif show signals signiﬁcantly stronger than the
background. As the motif location within the corresponding probe
moved from 5 0 to 3 0, the array signal decreased gradually.
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sequence-speciﬁc microarray artifact. The modiﬁed primer also
seemed to produce a weaker artifact, as the motifs most af-
fected by the ITS change were less prevalent among the top
1% of high signal probes for the array (Table 1). Among the
modiﬁed primer data no top-scoring 7-mer was observed that
would have been consistent with G-slipped sequences.
2.4. Artifact bias is modiﬁed by the position within the probe
A number of shorter sequences fully or partially complemen-
tary to the T7-based primer give rise to artifactual signal in
varying degrees. Given the short length of the hybridizable
probe sequences, it was anticipated that steric hindrance may
have an eﬀect on the binding eﬃciency of the 5 0-ITS-poly(U)
cRNA fragments. Artifactual sequences further from the slide
surface might be more accessible to the fragments, and also
more permissive of unhybridized single-stranded cRNA mate-
rial crowding the probe space. For a global investigation of
possible positional bias, all probes in an Arabidopsis array con-
taining the 8-mer CCGCCTCC, a complement of the ITS se-
quence, were considered [4]. For each of the probes, the
distance of the motif from the 5 0 end was determined. Pearson
correlation of this distance with the corresponding probe sig-
nal resulted in a coeﬃcient of 0.5, suggesting signiﬁcant bias
toward the 5 0 end. When the motif was closer to the 5 0 end of
the probe, the signal was typically stronger than when the mo-
tif was nearer to the chip surface. Similar correlation coeﬃ-
cients were computed for all possible 8-mers and plotted in
the sorted order of their previously described scores. The graph
showed a clear trend with a stronger 5 0 positional correlation
for the most artifactual 8-mers to zero correlation for the least
(Fig. 4A).
To further test the positional dependence of the motif within
a probe, an array was designed with multiple overlapping
probes at 3-base resolution, tiling both strands of a 1 kb region
of the Apis mellifera genome. The chosen segment contained
several matches with the higher scoring motifs. The arraywas hybridized with targets derived from a pooled honeybee
RNA sample. Fig. 4B displays an example of 10 neighboring
probes containing an 8-mer variant of the ITS complement.
Strong signals were detected by all 10 probes, but the signal
strength reduced gradually as the motif shifted from the 5 0
end to the 3 0 end of the neighboring probes. As demonstrated
in this ﬁgure, if the cause of the artifact were not known,
the observed signal might be interpreted as a high-conﬁdence
short RNA supported by several neighboring probes from
the genome.
2.5. A computational ﬁlter to identify artifactual probes
For eﬀective whole-genome exploration, it is important to be
able to reexamine existing oligonucleotide array data and ﬁlter
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the range of artifactual sequences, the ﬁltering procedure is not
as simple as removing the probes containing exact ITS comple-
ments. Therefore, a computational ﬁlter was designed to iden-
tify the likely artifactual probes and guide future probe
selection for tiling array experiments. While we had investi-
gated the frequency of individual motifs among the high signal
probes, the probability of a given motif causing high signal was
still unknown. Given the large datasets available, it seemed
reasonable to estimate these probabilities through empirical
observation.
Starting from a tiling array dataset, for every possible 8-mer
sequence it was determined what fraction (F) of the probes
containing the 8-mer had signals among the top 10% of the
dataset. Ideally, the presence of any given 8-mer in a probe
would not bias signal, and a normal distribution of F-values
centered around a mean of 0.1 would be anticipated for an
artifact-free population. However, an extended tail in the dis-
tribution of the population’s F-values was observed, with the
closest ITS complements exhibiting the highest probability of
inducing high probe signal (Fig. 5). All possible 8-mers were
ranked based on decreasing F, and all 8-mers with F-values
above a cutoﬀ were isolated. All probes containing those 8-
mers were marked and they were either deleted or incorporated
into the subsequent statistical analysis for gene discovery. Gen-
erally, cutoﬀs ranging from F > 0.4 to F > 0.67 worked well for
several published datasets.
Putative antisense and intergenic transcripts were observed
in a prior Arabidopsis whole-genome tiling array experiment
[4]. A reexamination of 77000 of these unexpected array sig-
nals was performed using both T7-(dT)24 primers (unpublished
data). The eﬃcacy of the computational ﬁltering technique was
tested using the above dataset. A cutoﬀ of F > 0.4 was chosen
to obtain 5% false negatives for probes that did not have a >2-
fold signal reduction, when switching to the modiﬁed primer.
Among 2627 array probes showing twofold signal reduction
from standard to modiﬁed primer, over 56% were captured
by this criterion. This suggests that the ﬁltering method works
well for identifying false positives, but cannot predict all arti-
factual probes. Therefore, a technical solution will ultimately
be preferable to a computational approach. It was also noted
that the set of high F-value 8-mers from a prior experiment
conducted with the same labeling method did not work as well
for probe ﬁltering as the set of 8-mers directly derived fromFig. 5. Distribution of 8-mer F-values. Histogram of calculated F-
values (fraction (F) of the probes containing the 8-mer that had signals
among the top 10% of the dataset) for a population of 8-mers.this array experiment, emphasizing the variability in artifact
spread between IVT reactions.
2.6. Eﬀect of artifact on ‘gene-only’ measurements
The Aﬀymetrix ATH1 microarray accounts for the largest
number of publicly available Arabidopsis thaliana gene expres-
sion datasets, and has provided a rich source of data mining
in plant biology. As IVT-mediated target preparation is an
integral part of these experiments, we desired to determine
the extent by which these ‘gene-only’ measurements are
aﬀected by the IVT labeling artifact. Thus we collected three
biological replicates of Arabidopsis RNA and compared the
gene expression values arising from cRNA synthesis per-
formed using the standard primer and the modiﬁed T7-
(dT)24 primer.
We hypothesized that the artifact might be aﬀected by the
normalization method used, so we examined the microarray
data with two commonly used methods: the robust multi-array
(RMA) [24], which calculates background-corrected, log-
transformed, and quantile-normalized expression values from
perfect-match intensities, and GC-RMA [25], which incorpo-
rates mismatch intensities using a model based on the GC con-
tent of probes. RMA or GC-RMA log2 normalized probe
values were used to calculate the ratio of modiﬁed/standard
primer expression values. If the use of diﬀerent T7-(dT)24 prim-
ers did not aﬀect the whole-genome arrays, this ratio would be
close to one for all genes. Indeed, of the 22746 genes repre-
sented on the ATH1 array, the vast majority were not aﬀected
by the choice of primer. However, based on an unpaired t-test
with 0.01 P-value cutoﬀ, 360 genes were found to be signiﬁ-
cantly aﬀected when RMA normalization was used; when
GC-RMA normalization was used, 264 genes were found to
be signiﬁcantly aﬀected. The 129 genes in common on both
of these lists are shown in Supplementary Table 2. Computa-
tional analysis of the individual probes for each of these genes
showed a distribution of artifact sequence similar to what
would be expected for the entire set of probes (data not
shown). In other words, the artifactual sequence was not sig-
niﬁcantly enriched in either data set. Therefore, we hypothesize
that the diﬀerences in expression values measured between the
two data sets represent other experimental variation. It is un-
clear if the artifact described here could account for discrepan-
cies that are often found between quantitative comparisons of
chip data and qRT-PCR measurements that do not require
IVT. As seen earlier with the tiling arrays, the computational
algorithm applied to probe sequences used in the ATH1
Aﬀymetrix array was not always successful in predicting which
genes are aﬀected by choice of primers.3. Discussion
With the advent of whole-genome tiling arrays, applications
that were previously unfeasible have now become possible [14].
These tiling arrays have permitted high-resolution studies of
the genome and have brought unanticipated transcriptional
phenomenon to light. However, as the dataset size increases,
the number of false positives becomes more signiﬁcant. Thus
eliminating artifactual sources via technological and computa-
tional improvements is critical for improving the accuracy of
future discoveries [13, and Supplementary Discussion]. In this
study we have described an important IVT-based artifact that
D.C. Nelson et al. / FEBS Letters 581 (2007) 3363–3370 3369aﬀects all oligonucleotide microarrays that employ the T7
RNA polymerase for target labeling and ampliﬁcation, regard-
less of the platform, genome, or purpose for which they were
designed.
The T7 IVT system was used in several recent whole-genome
tiling array studies. We determined that the 9 bp ITS sequence
immediately following the core T7 promoter is a source of sig-
nal artifacts on these arrays. Array probes containing motifs
that are closely complementary to the ITS sequence consis-
tently exhibit inappropriate signal ampliﬁcation. Changing
four bases of the ITS caused a corresponding shift in the set
of high signal probes, demonstrating that the artifact is se-
quence-speciﬁc and dependent on the ITS. It was surprising
to discover that short regions (6–9 bases) of inexact ITS com-
plementarity were suﬃcient to aﬀect a probe’s signal, despite
the stringency of the annealing conditions. We hypothesized
that the gross abundance of 5 0 ITS-poly(U) sequences released
after cRNA fragmentation were suﬃcient to drive hybridiza-
tion. In addition to the 5 0 end fragments, we anticipate other
possible factors which may contribute to the range of the arti-
fact (see Supplementary Discussion).
This modiﬁed T7-(dT)24 primer not only demonstrated the
source of the artifact, but surprisingly lessened the range and
intensity of signal ampliﬁcation of aﬀected probes. While it
may be impossible to avoid generating some level of artifact
when using in vitro transcription for target labeling, a smaller
range of artifactual motifs permits fewer design restrictions on
oligonucleotide sequences for future microarrays and simpliﬁes
the design of a computational ﬁlter.
We developed a computational ﬁlter to assist in future
microarray probe designs and reduce the number of false pos-
itives detected in previous experiments. Our ﬁltering technique
was reasonably eﬀective, and has advantages that make it suit-
able for analyzing a wide range of datasets (see Supplementary
Discussion).
Finally, the method we have described for generating scores
for oligomeric sequence fragments of oligonucleotide probes
can be used broadly to detect bias in microarray data and un-
cover other potential artifacts. For example, our multi-genome
analysis led to some additional unexplained observations (see
Supplementary Discussion).
In future experiments we recommend that an alternative
method to IVT is used for target labeling, multiple labeling
methods are employed and their results compared, or micro-
arrays consist of 50-mer or longer probes. If the IVT system
continues to be the labeling method of choice for microarray
experiments, we suggest that our computational ﬁlter is used
during custom chip design and post-hybridization analysis,
and that the ITS of the T7-(dT)24 primer is changed to the
modiﬁed version that we have described here.4. Materials and methods
4.1. Tiling array data for diﬀerent organisms
The sources for array data for diﬀerent organisms are listed in Sup-
plemental Table 1.4.2. Target preparation
For the custom oligonucleotide microarray investigations described
in this paper, Aﬀymetrix protocols for eukaryotic sample processing
were followed. Fifteen micrograms of total RNA was combined with
100 pmol of standard (5 0-GGCCAGTGAATTGTAATACGACT-CACTATAGGGAGGCGG-(dT)24-3
0) or modiﬁed (5 0-GGCCA-
GTGAATTGTAATACGACTCACTATAGGCGCACGG-(dT)24-3
0)
T7-(dT)24 primer to a volume of 11 lL, incubated at 70 C for 10 min,
and put on ice. All cDNA synthesis reaction components are from
Invitrogen, except for dNTPs from Takara. Then ﬁrst strand cDNA
synthesis reactions were set up (ﬁnal volume 20 lL: 1· ﬁrst strand
cDNA buﬀer, 10 mM DTT, 125 lM each dNTP; then 400 U Super-
Script II RT after 2 min at 42 C) and incubated at 42 C for 1 h. Sec-
ond strand cDNA synthesis reactions were performed immediately
after (ﬁnal volume 150 lL: 1· second strand reaction buﬀer, 50 lM
each dNTP, 10 U E. coli DNA ligase, 40 U E. coli DNA Polymerase
I, 2 U E. coli RNase H) at 16 C for 2 h. 10 U of T4 DNA Polymerase
were added and reaction continued at 16 C for 5 min, until stopped
with 10 lL 0.5 M EDTA. cDNA was puriﬁed using Phase Lock
Gels, then EtOH precipitated. Half of the cDNA preparation was used
in a subsequent IVT reaction. Aﬀymetrix GeneChip IVT Labeling
Kit was used as directed, with an overnight incubation (16 h) at
37 C. IVT reaction products were cleaned up with QIAGEN RNeasy
Columns, then EtOH precipitated overnight to concentrate the sam-
ples. 20 lg of cRNA were fragmented to 35–200 base sizes in 1· frag-
mentation buﬀer at 94 C, and 10 lg were used for microarray
hybridization.
4.3. Array synthesis and hybridization
DNA synthesis reagents were purchased from Proligo (Boulder,
CO), Glen Research (Sterling, VA) and Nimblegen Systems (Madison,
WI). Substrates were prepared as described previously with the excep-
tion of added heating for 1 h at 120 C before curing overnight in a
vacuum oven at 120 C [23]. Slides were allowed to cool to room tem-
perature before being removed from vacuum. Arrays were synthesized
using the ‘Biological Exposure and Synthesis System’ or ‘BESS’ [23].
After synthesis, arrays were deprotected in a 1:1 solution of ethylene-
diamine/ethanol, washed with water, dried and stored in a dessicator
until use. Hybridization was performed as described previously [15].
Arrays were scanned using an Applied Precision ArrayWorx Biochip
Reader.
4.4. ATH1 transcriptional proﬁling
To generate samples for microarray analysis, wild-type Arabidopsis
thaliana plants (Ws ecotype) were grown on media containing half-
strength Murashige and Skoog (MS) salts, 2.5 mM MES, and 0.8%
(w/v) agar. Three-day old seedlings were harvested and tissue was
homogenized under liquid N2. The Qiagen Plant RNeasy kit was used
for total RNA extraction. Using either the standard or modiﬁed pri-
mer in the ﬁrst strand cDNA synthesis reaction, 5 lg of total RNA
was used to synthesize fragmented, biotin-labeled cRNA according
to Aﬀymetrix protocols. The GeneChip Eukaryotic Poly-A RNA con-
trol kit, was used to provide positive controls to monitor the entire
labeling process.
Aﬀymetrix 25K ATH1 whole-genome Arabidopsis thaliana micro-
arrays representing 22746 genes were used to generate expression data.
Two samples were tested in this experiment: (1) wild-type (Ws) synthe-
sized with the standard primer, and (2) wild-type (Ws) synthesized with
the modiﬁed primer. Three biological replicates of each sample were
prepared, for a total of six microarrays. The BioConductor software
package was used for all normalization and statistical testing [26,27].
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